Quasi-periodic features of the inter-annual and inter-decadal spatial-temporal variability of the wind speed absolute value (W) in the Black Sea area are assessed based on a series of 60-100-year-long direct observations performed at eight coastal stations, and also on the reanalysis data obtained from the NDP-048, WDC, NCDC, NCEP/NCAR (1948) and MERRA (1980 -2015 arrays. Three groups of oscillations with the periods T about 60-90, 20-40 and 3-15 years that present in the W direct data are shown by means of the wavelet analysis. As for long-period oscillations (Т ~ 60-90 years), possible relations of such quasi-periodicity with the phases of the North Atlantic Oscillation index characterizing the atmospheric circulation features are investigated. Calculated according to the MERRA array reanalysis, the mean anomalies of January -February average W series separately for groups of years with the values of the NAO index > +1 and <-1 demonstrated in their dynamics the values of different signs for the same Black Sea areas. It is revealed that during the periods when the index positive phase is mainly predominant, the W positive anomaly is formed over the southwestern, south-eastern and eastern parts of the sea adjacent to the coast at a distance 20-100 km from it, and the W negative anomaly -over the rest of the sea. During the years when the index phase is mainly negative, the signs of the W anomalies over almost the same regions change to the opposite ones. 
Introduction
Climate variability study and prediction are among the most important tasks of Earth sciences being of high applied significance [1, 2] . To diagnose and predict the Black Sea condition, the parameters of the wind regime are used, since the tangential wind stress directly affects the sea waves, circulation and mixing of water and indirectly -the thermal and water balance.
Main results of wind research in the Black Sea area are presented in [3, 4] . They showed the presence of significant negative linear trends in the series of mean annual wind speeds and the frequency of storms in the 20 th century. In [4] it was noted that since the beginning of the 2000s, there was a tendency to increase the frequency of storm winds practically at all hydrometeorological stations. However, the study of the cyclicity of these processes was almost neglected.
Search and study of the wind regularities in the inter-annual variability and their relations with the quasi-periodicity of macro-circulation processes in the atmosphere have been still insufficiently developed [5, 6] . Therefore, the research of long-term trends in variation of the wind conditions is one of the most important practical tasks in studying the wind field variability in the Black Sea area.
From this perspective this paper is aimed to study the quasi-periodic properties of the interannual and inter-annual variability of the wind speed module in the coastal area of the Black Sea, as well as the inter-annual variability of its spatial structure.
Initial data and methods
Object of the present research is the temporary variability of the amplitudes of the individual components of the oscillations of the wind velocity module mean annual values (W, m/s) in the atmosphere surface layer in the Black Sea area, bounded by 20-55 °E and 30-55 °N coordinates. The analysis method applied is described in [7] .
In The analysis of the W station data is based on their wavelet transform (WT) using the complex Morlet wavelet of the form ψ(t) = exp(-t 2 /2 + i 2πt), close to the harmonic oscillations, and a normalization allowing the direct estimation of the harmonics' amplitudes [8] . Before the WT applying, linear trends and constant components were removed from the W series.
Such series are indicated in the text as W0. In order to visualize the phases of the quasi-harmonic oscillations revealed in the W0 series, the WTs presented in all the figures below were carried out in terms of the Morlet wavelet real part: Re(ψ(t)) = exp(-t 2 /2)cos(2πt). The periods of these oscillations were defined as the points of the scale axis corresponding to the maxima of their S amplitude wavelet spectra (representing the average of modules of the WT coefficients with a given period for all time instants). The instantaneous amplitudes of oscillations are along the WT sections through these points along the time axis. Based on the results of the complex WT, the skeletons were constructed. These are the WT local peaks, the tracks of which clearly represent the temporal evolution of the periods of the revealed quasi-harmonic components of the W0 series.
Additional data sources for the Black Sea wind were the reanalysis arrays, such as NCEP/NCAR for 1948-2011 on 2.5° grid (URL: http://www.esrl.noaa.gov/psd/data/reanalysis/reanalysis.shtml) [9] and MERRA for 1980-2015 on 0.33° grid longitudinally and 0.5° latitudinally (URL: http://disc.sci.gsfc.nasa.gov/MDISC/dataprods/merra_products.shtml) [10] . Thus, the W0 series variability has a quasi-periodic character with a predominance of long-period (T ≥ 60 years) and medium-period (15 < T <40 years) oscillations. At the same time, for different observation stations on the Crimean coast, the low-frequency components of W0 series wavelet spectra also differ: according to the Evpatorya station data in the W0 spectrum the oscillation from T ~ 65 years dominates, Sevastopol -~ 82 years, Yalta -~ 75 years and Feodosiya -~ 85 years ( Fig. 2, a) .
Analysis of the results obtained
The W0 series components also possess their own features in smaller periods. Thus, they are more pronounced in the band of short-period oscillations (T <10-15 years), while at all the stations the medium-period oscillations have the most unstable amplitudes (Fig. 2, b, c ). This figure also shows the presence of phase shifts in the oscillations of the average period between observation stations against the general background decrease in their amplitudes by 1.5-5 times. An exception is the oscillation with Т ∼ 28-35 years (the Feodosiya station) -its amplitude, on the contrary, has increased slightly for all the time of observations.
As can be seen in Fig. 1, 2 , the Evpatorya and Feodosiya stations are mostly different by their spectra structure and the dynamics of their individual components, the closest are the Sevastopol and Yalta stations. At the same time, there is a partial similarity between the Yalta and Feodosiya stations. Consequently, these features of the spatial structure of the wind field on the Crimean coast make it possible to divide it into the eastern and western parts approximately along the Yalta region. (Fig. 3) are presented. In the spectra of these W0 series, dominating are oscillations with T ~ 38-50, 59-70, 56-62, and 57 years respectively. At that, the width of the long-period oscillation spectral line, according to the Odessa station data, is specific to the superposition of two oscillations with periods of 30-40 and 60-80 years. But more accurate estimates of this oscillation parameters are possible for a series of several decades longer. It should be noted here that the results of spectral analysis (Fourier extended with Shuster periodograms, wavelet) of the quasi-periodic series on a segment slightly exceeding the period of the lowest frequency oscillation essentially depend on the presence of higher frequency oscillation close to it and the ratio of their periods, amplitudes and initial phases. This circumstance, significantly limiting the accuracy of determining the low-frequency component periods, is overcome only by an increase of the studied series length.
Spectral analysis of the W0 series of up to 50 year duration, according to data from about twenty Black Sea stations, also showed the presence of quasi-harmonic oscillations with periods T ~ 20-40 and 3-15 years.
Many publications of recent decades are devoted to studying of the interrelationships between planetary and regional processes. The North Atlantic Oscillation Index (NAO) refers to the number of indicators associated with the concept of global atmospheric oscillations [11, 12] . According to the numerous studies, the NAO largely affects the weather in a majority of European countries during winter season. This is due to the fact that the atmospheric pressure gradient between the Azores and Icelandic centers of the atmosphere effect determines the western disturbance intensity in the middle latitudes [13] .
As the atmospheric circulation intensifies in winter season, the NAO index values calculated for December -March are more often used. In this paper, Hurrell DJFM North Atlantic Oscillation Index (Station-Based) series for 1864-2014 was taken as the NAO index winter values. [14] . Periodicity of different scales and the non-stationary nature of the process are clearly manifested in the pattern of the WT components of the NAO index (Fig. 4) . Here the oscillations with T ~ 60-80, 40, 15-25, 2-12 years are clearly seen. Thus, the oscillations with periods close to the periods of the W series components are specific for the NAO index series. This is because the atmospheric circulation in the Atlantic-European sector, characterized by the NAO index, determines the wind field variability in the Black Sea area. To demonstrate this, the reanalysis data is used. The NCEP/NCAR wind field structure being temporally averaged over total reanalysis time interval can be divided into four regions of increased and decreased W values with their centers located crosswise in the Black Sea area [15] . The mean annual W values taken from the NCEP/NCAR data permitted to represent the W spatial structure in the Black Sea area in the decades corresponding to the negative (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) and positive (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) phases of the 60-to-80 year long NAO index oscillation [16] . The W spatial structure for winds with periods > 60 years, calculated from these samples, is shown in Fig. 5, a, b . As can be seen, in the decade when the negative values of the NAO index predominate, the wind speed in the Black Sea area is higher than in decade with the predominance of positive NAO values. Thus, the changes in the W field structure associated with the atmospheric circulation come down to variations in the position of the centers and the sizes of increased and decreased W value regions. In 1955-1965 (the negative phase of the 60-to-80 year long NAO index oscillation), regions of increased W values shifted over the Black Sea towards each other, merging together over practically the entire water area. In 1990-2000 (the 60-to-80 year long NAO index oscillation), on the contrary, over the greater part of the sea in its center and in the east, under merging were regions of decreased W values. According to the MERRA reanalysis data on a smaller grid, the mean anomalies of January -February averaged W series were calculated separately for groups of years with the values of the NAO index > +1 and <-1. In their dynamics these fields demonstrated the anomalies of different signs for the same Black Sea areas (Fig. 5, c, d ). Fig. 5 shows that the action of all groups of quasi-harmonic W oscillations in combination with the mesoscale spatial inhomogeneity of the wind field can lead to multidirectional trends in the W variability for the different Black Sea observation stations in various time intervals.
Discussion
Explanation of the obtained results could be as follows. After the 1960s, there was a surface pressure increase resulted in an increase in the number of events of anticyclonic atmospheric circulation over the Black Sea area [17, 18] . Such a tendency led to a negative W trend. At the stations of Evpatorya, Sevastopol, Yalta, Feodosya, Odessa, Constanta, Sinop and Batumi, it was about (-7.17, -14.5, -2.8, -24.7, -29.1, -35.6, -15.9, -3.7)⋅10 -3 m/s/year. This process was not monotonous, which was, apparently, due to the interannual variability of atmospheric circulation, manifested in a position change of cyclone trajectories in the Atlantic-European sector [19] . The quasi-periodic features of this variability can be represented by the NAO index phases.
During the years of NAO index maximum values, the surface wind speed over the south-western and north-eastern parts of the Black Sea becomes minimal, and the maximal -over the north-western, central and south-eastern parts. In the years of the NAO index minimum values, the surface wind speed over the eastern and south-western parts of the sea becomes maximal, and minimal -above the central and north-western parts (Fig. 4, c, d) .
However, the NAO index represents the variability of only two atmospheric action centers affecting the Black Sea area [3] . The effect on the Black Sea wind field, in addition to the NAO, of other macro-circulating indices (for example, EA, EA/WR, SCA, POL) has not been studied enough yet. Continuation of research in this field will contribute to a better understanding of the formation mechanism of the regional wind field mesoscale structure.
Conclusion

1.
Analysis of the Black Sea wind speed module series W according to the contact data showed the non-stationarity and multi-directionality of the spatialtemporal variability of the Black Sea wind field and at the same time the presence of stable quasi-periodic features close in its characteristics to similar characteristics of the NAO index variability.
2. Variability of all these series is characterized by the presence of three groups of oscillations with periods Т about 60-90, 20-40 and 3-15 years with the dominance of long-period (T ≥ 60 years) and mid-period (20 ≤ T ≤ 40 years) oscillations.
3. Calculated according to the MERRA array reanalysis, the mean anomalies of January -February average W series separately for groups of years with the values of the NAO index > +1 and <-1 demonstrated in their dynamics the values of different signs for the same Black Sea areas. During the periods when the index positive phase is mainly predominant, the W positive anomaly is formed over the south-western, south-eastern and eastern parts of the sea adjacent to the coast at a distance 20-100 km from it, and the W negative anomaly -over the rest of the sea. During the years when the index phase is mainly negative, the signs of the W anomalies over almost the same regions change to the opposite ones.
